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As indicated by the curves of Figure 5-1, the surface temperatures
achieved during the 60 sec period depend strongly on material properties,.
thickness, and location in containment. Thin materials [3.2 mm (1/8 in.
heated from both sides or equivalently 1.6 mm (1/16 in.) heated from
one side] can develop much higher surface temperatures than thicker
slabs of the same material. . Interestingly, wood sheets thicker than
9.5 mm (3/8 in.) had the same surface temperatures. The reason is that
the heat was unable to penetrate more than 4.8 mm (3/16 in.) in the
60 sec period. Therefore, thicker wood sections would exhibit the same
surface temperatures shown for 9.5 mm (3/8 in.) boards.

The carbon steel slab increased in temperature much Tess than wood.
Most of the temperature increase shown in Figure 5-1 for carbon steel
actually was across the 0.25 mm (0.010 in.) layer of paint.

The lower surface temperatures achieved by wood sheets in low
regions of the containment (-347 ft elevation) simply reflects the
faster falloff of gas temperatures in this region. As noted in
Section 4.0, the higher surface/volume ratio in lower containment
regions causes the postburn temperature to decay faster in those
regions. Therefore, less burn damage would be expected in lower parts
of the containment than in upper regions.

Temperature profi’as through three slabs at 8 sec after burn initi-
ation are *1lustrated in Figure 5-2. As indicated by the curves of
Figure 5-2, thin sections are heated to higher temperatures than thick
ones. Large temperature gradients can develop in wood, but in steel
the heat flux is too Tow to cause large gradients. A temperature drop
of approximately 500F is experienced across the paint [0.25 mm (0.010 in.
thick)] at 8 sec, illustrating its low thermal conductivity compared to
steel [0.26 W/m-K (0.15 Btu/hrOF ft) versus 45 W/m-K (26 Btu/hrOF ft)].

These calculations are presented to illustrate important aspects
of transient heating of materials exposed to hot gases. The predictions
would have been more accurate if the following heating/coocling effects
had been accounted for:
Heat transfer effects due to condensation of water
Heat transfer effects due to evaporation of water
Energy absorption due to pyrolysis of heated materials

Energy absorption due to phase changes of heated materials

Energy addition due to combustion.

5.4 DISCUSSION OF OBSERVED BURN DAMAGE

A first generalization that should be stated is that overall, iittle
apparent damage to the containment was caused by the hydrogen burn.
Massive structures appear largely unaffected; noticeable damage is con-
fined to thin organic-based materials, such as plastics, paper, and

wood.
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The effect of elevation in the containment is illustrated in Fig-
ures 5-3 and 5-4. The telephones shown in these two photographs are
from elevations 347 and 305, respectively. The significantly greater
damage at 347 is consistent with the higher gas temperature history
(time and temperature) at the higher elevation. Note that the cord on
the telephone at elevation 305 (Figure 5-4) has suffered damage, indi-
cating that an appreciable temperature spike occurred at that level.
Also note that the section of the coiled cord on the table adjacent to
the phone in Figure 5-3 appears to be undamaged, except for slight
scorching at the top of each co1l. This demorstrates that temperatures
are lower where convection currents are minimized and the heat-transfer-
surface-area to gas-volume ratio is high.

Discussions with TMI personnel have indicated that burn damage
appears to vary with the angular position in the containment at eleva-
tions 305 and 347, with least damage being seen on the westward side.
This observation is explainable in terms of wetness in this region.
Steam released from the PRV apparently entered upper containment voiumes
through the open stairway (No. 1) located on that side. The steam left
the RCDT in a saturated state and would have wet cool surfaces by con-
densation. Indeed, temperature sensor 13, which is located in the
vizinity of the stairway, ond sensor 6, which is located at the west
end of the air cooler, exhibited significant subcooling after each PRV
closure. This subcooling is indicative of a condensed water film depos-
ited during steam discharge periods. Because liquid water would sup-
press temperature rises of materials, burn damage would be a strong
function of local wetness. Generally, the region near the No. 1 stair-
way (west side) would be expected to be most protected by water, and
this is consistent with the observations.

Figures 5-5 and 5-6 illustrate local damage effects that are con-
sistent with expectations. In Figure 5-5, wocden scaffolding boards
(at elevation 347) are shown from below, and indicate a minor degree of
charring. Tape that held the plastic protected the wood, leaving the
unburned marks. In Figure 5-6, a manual is charred mainly on upper
parts which were exposed to hot gas. The lower part, which was in con-
tact with a steel box, apparently suffered less damage. Both of these
examples are consistent with heating over a brief time period.

Mechanical damage caused by the pressure pulse was minimal. How-
ever, as shown in Figure 5-7, 55-gal drums were partially collapsed by
the external pressure. Two of the drums suffered little distortion,
and it can be concluded that they were either full or not sealed. Also
shown in Figure 5-7 is an air duct which was not damaged by the pressure
pulse. Numerous other pictures of air ducts are shown in Reference 6
and in no case is observable mechanical damage apparent. The drums
were not damaged predominantly on one side or tipped over by the pres-
sure pulse. This drum damage and lack of duct damage is consistent
with a pressure pulse that developed over seconds (i.e., from a defla-
gration) but is not consistent with the passage of a detonation wave.
This supports the view that a detonation did not take place in TMI-2.
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FIGURE 5-3. Close-up of Bell Telephone.

FIGURE 5-4. Gai-troric Telenhone and Elevator Door.
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FIGURE 5-5. Scaffolding.
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FIGURE 5-6.
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FIGURE 5-7. Fifty-Five Gallon (0.21 m3) Drums Between Enclosed

Stairwell and Air Duct.

In summary, the burn damage observed in post-accident entries
appears to be fully cunsistent with expectations based on the burn
scenario described herein. Key aspects follow.

Higher temperatures would be expected in upper containment
regions because burn efficiency was highest (radiant preheating
in open volume, slightly higher hydrogen concentrations, more
turbulent mixing) and cooldown was slowest (Tower heat transfer
area to gas volume ratio).

Thin plastics, paper, wood, and plastic or rubber electrical
insulation would be most susceptible because of the heat trans-
fer characteristics of these materials and their ability to
char or ignite. Thick sections of these materials would be
much less affected.

Surfaces wet by steam condensate (west side) would not be
much affected because of energy absorbed by vaporization.

Local geometries that would inhibit convection currents or

cool the gas locally would minimize peak temperatures reached
in the materials.
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e Combustible materials, such as paint, in close contact with,
and particularly when bonded to, good heat conductors should
not have been significantly affected by the burn transient.

e The thermal transient resulted from a general burn of hydrogen,
not a detonation.
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6.0 POSTBURN HYDROGEN

The calculations discussed previously indicate that there was 1.1% i
hydrogen remaining in containment after the hydrogen burn. Most of !
this was probably in compartments below the 305 elevation floor, but

would disperse rapidly. The pressure spike, indicated by the OTSG B

pressure data at 13:50:41, appears to have been due to a relatively

large afterburn below the 305 elevation floor near the east side of the
containment. The pressure impulse affected the 0TSG A pressure,

measured about 30 m (100 ft) west of OTSG B, as a delayed wave. This

delay should be expected since the D-rings and a number of compartments

separate the two reference pressure sensing points.

At 14:01 the PRV was again opened for a little more than 1 hr.
This opening depressurized the RCS to its lowest pressure, about
345 kPa (50 psi) lower than it had previously been that day. This
caused an additional estimated 0.6% hydrogen to enter containment from
the RCS. Between March 31 and April 2, another 0.5% hydrogen was
transferred to containment. The thermal hydrogen recombin:r developed
by Rockwell International started removing hydrogen from containment on
April 2 at 15:30. A plot of its operation and additional hydrogen
transfers to containment are indicated in Figure 6-1. Recombiner
operation was terminated on May 1 after it had removed 56 kg (123 1b)
moles of hydrogen gas [and 28 kg (61 1b) moles of oxygen gas] from
containment, and the hydrogen concentration was down to 0.7%. This
residual hydrogen was removed from containment the following summer
when it was vented to the atmosphere.

The quantities of hydrogen added to and removed from containment
are summarized in Table 6-1. A calculated total of 229 kg (505 1b)
moles or 459 kg of hydrogen gas entered and was removed from
containment. Assuming, somewhat arbitrarily at this time, that 90% of
the hydrugen was generated by the zirconium-steam reaction and 10% by
radiolysis, about 410 kg or 205 kg (450 1b) moles of hydrogen gas were
generated as a result of the zirconium-steam reaction.

Since 1 mole of zirconium reacting with 2 moles of water liberates
2 moles of hydrogen, 205 kg moles of hydrogen represents the oxidation
of 102 kg moles or 9,300 kg (20,500 1b) of zirconium. The TMI-2
reactor core contains a calculated 18,770 kg (41,300 1b) of zirconium
cladding in contact with active fuel and about 23,600 kg of zirconium
total. Therefore, the zirconium oxidized is equal to about 50% of the
active fuel cladding weight or about 40% of the total zirconium in the ¢
reactor core. é
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FIGURE 6-1. TMI Unit 2 Hydrogen Recombiner Operation.




TABLE 6-1. Containment Hydrogen Balance.

. Hydrcgen added Hydrogen removed Hydrogen inventory
’ Time
Dry (%) kg Dry (%) kg Dry (%) kg
03/28/79
13:50 8.2 370 8.2 370
13:52 7.1 319b 1.1 51
15:00 0.6 244 1.7 75
04/01/79 0.5 214 2.2 96
05/01/79 1.1 443,C 2.6 112d 0.7 28
07/80 _ 0.7 _2ge 0
Total 459 459
aFrom RCS.
b

‘ Hydrogen burn.
“From waste gas decay tanks and radiolysis.
. dRockweﬂ International Hydrogen Recombiner.

Vented to atmosphere.
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APPENDIX

CHARACTERISTICS OF A LARGE "CONSTANT VOLUME"
HYDROGEN BURN

In containment, a burn is considered to occur on a "constant volume"
basis. However, if the burn occurs over a relatively long time (that
is, many seconds), the burning of any single unit volume (i.e., 1 L or
1 ft3) occurs very rapidly and burns more on a constant pressure basis.
Constant pressure burning is cooler than constant volume burning because
of the "expansion-cooling" which takes place during the constant pres-
sure burn. In a closed system the energy difference between constant
volume and constant pressure burning of a small volume of the gas goes
into a slight compression heating of all of the remaining (burned and
unburned) volume. Assuming no heat loss during the Three Mile Island
(TMI-2) hydrogen burn, the initial unit volume, the middle unit volume,
and the last unit volume to burn would have had the characteristics
shown in Table A-1.

The theoretical, constant volume, adiabatic end-of-burn temperature
is 760°C (14000F). This temperature and the theoretical end-of-burn
temperatures shown in Table A-1 are higher than the actual temperatures
were since heat was lost to walls and equipment during the burn. This
wis particularly true of the first unit volume to burn, since it had
time (»12 seconds) to lose heat from its initial 5669C (10500F) temper-
atures, as the burn progressed and as compression heating occurred.

The Tast unit volume to burn cooled at a much slower rate during the
burning period since its temperature just before the end of the burn

had heated (by compression) to only 1680C (32509F). Therefore the
theoretical, adiabatic, temperature [8600C (12579F)] of the last unit
volume to burn is probably only slightly higher than the actual temper-
ature. If preheating by radiant heat transfer is significant, the after-
burn temperature of the last unit volume to burn could actually be higher
than the 8600C calculated. The average containment gas temperature at
the end of the burn calculated on the basis of measured pressure rise

is 6609C (12000F).
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TABLE A-1.

Characteristics of the First, Middle, and Last Unit

Volumes to Burn, Assuming No Heat Lost During Burn.

s First Middle Last
Characteristic unit volume | unit volume { unit volume
Pressure, KPa (psia) 100 (15) 200 (30) 300 (45)
Voiume occupied after compres- 1 0.5 0.333
sion of original volume
Initial temperature, 9C (OF) 53 (128) 53 (128) 53 (128)
Temperature just prior to burn| 53 (128) 122 (252) 168 (335)
resuliting from c?mgression
heating, °C (OF) (1
Temperature rise res?1ting 512 (922) 512 (922) 512 (922)
from burn, OC (°F)(2)
Temperature immediately after | 566 (1050) | 634 (1174) | 680 (1257)
burning the specific unit
volume, OC (OF)
Temperature at end of burn, 862 (1583) | 742 (1367) | 680 (1257)
after postburn compression
heating, assuming no heat
loss during burn, oC (OF)(3)
K-1
1y 2. (Q) K
T1 Pl
12 _ P2 .. P2 _ ,. - k2
1= 1.118 for T = 1.5; 1.21 for BT = 2; 1.353 for = BT -
C
K = EE = 1.38 for the wet, preburn containment gas
v
(2) (14000F - 1289F)/1.38 = 9220F = 5120C
(3) T2 = [(1050 + 460)]1.353 - 460 = 15830F = 862°C
T2 = [(1174 + 460)]1.118 - 460 = 13679F = 7420C
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